Abstract
The most mineralized tissue of the mammalian body is tooth enamel. Especially in species with 23 thick enamel, three-dimensional (3D) tomography data has shown that the distribution of 24 enamel varies across the occlusal surface of the tooth crown. Differences in enamel thickness 25 among species and within the tooth crown have been used to examine taxonomic affiliations, 26 life history, and functional properties of teeth. Before becoming fully mineralized, enamel 27 matrix is secreted on the top of a dentine template, and it remains to be explored how matrix 28 thickness is spatially regulated. To provide a predictive framework to examine enamel 29 distribution, we introduce a computational model of enamel matrix secretion that maps the 30 dentine topography to the enamel surface topography. Starting from empirical enamel-dentine 31 junctions, enamel matrix deposition is modeled as a diffusion-limited free boundary problem. 32 Using laboratory microCT and synchrotron tomographic data of pig molars that have markedly 33 different dentine and enamel surface topographies, we show how diffusion-limited matrix 34 deposition accounts for both the process of matrix secretion and the final enamel distribution. 35 Simulations reveal how concave and convex dentine features have distinct effects on enamel 36 surface, thereby explaining why the enamel surface is not a straightforward extrapolation of the 37 dentine template. Human molar simulations show that even subtle variation in dentine 38 topography can be mapped to the enamel surface features. Mechanistic models of extracellular 39 matrix deposition can be used to predict occlusal morphologies of teeth.
41

Introduction
42
Most mammalian species have their teeth covered by a layer of highly mineralized enamel. The 43 thickness of the enamel layer relative to the tooth size ranges from thin to very thick. These 44 differences among species, and also increasingly within the tooth crown, have been informative 45 in studies focused on functional properties of teeth, taxonomy, and life history (1-9). Even 46 though mutations in genes required for enamel matrix secretion and maturation are known to 47 affect the enamel thickness in mammals (10), relatively little is known about the regulatory 48 changes that might underlie the variation in enamel thickness among populations or species 49 (1, 11, 12 
Results
62
The Model Principles and Simulation of Artificial Shapes. The enamel matrix is secreted by 63 specialized epithelial cells, the ameloblasts, which depart from the EDJ. The EDJ is defined by 64 the mesenchymal dentine matrix, whose secretion begins first (Fig. 1A) . For empirical tests, we 65 used EDJs of real teeth as the starting point to simulate matrix secretion (Fig. 1A) . Matrix 66 deposition is modeled as a diffusion-limited free boundary problem, motivated by the classical 67 Stefan problem that models phase transition of undercooled liquid by assuming that the rate of EDJ is assumed to be limited by the diffusion of nutrition, by which we refer communally to all 72 the factors that ameloblasts require for the secretion of the matrix (Fig. 1B) . The model into the nutrition-rich domain receive more nutrition than the concavities (Fig. 1C ). An 87 alternative process assumes excess availability of nutrition through strong background 88 production, leading to a moving boundary of uniform thickness (Fig. 1D ). This latter process in 89 fact closely approximates a simple geometric extrapolation of matrix thickness from the EDJ, 90 which we use as a null hypothesis to demonstrate the non-linearity of the matrix deposition.
91
Simulations of matrix secretion using a synthetic EDJ shape show that whereas convex EDJ 92 surfaces result in relatively linear extrapolation of the enamel surface in both simulations ( thickness whereas ridges show increased enamel thickness (Fig. 3, Fig. S2) . A small ridge 118 present in the middle of a dentine concavity results in a local thickening of the enamel within an 119 otherwise deep fissure (arrow heads in Fig. 3A-C) , a feature completely lost in geometrically 120 extrapolated surfaces (Fig. 3D) . (Fig. 4) . These results are features, is enough to produce the characteristic undulations of the enamel surface (Fig. 5B,C) . 148 These features are further refined by simulations using lateral braces mimicking the presence of 149 adjacent teeth and alveolar bone (Fig. 5B) Simulations and analyses. The main simulation parameters are listed in Table S1 . Simulation 193 output for each step is an image file. The pig trigonids and talonids were simulated separately 194 Häkkinen et al. -p. 9 (Fig. 2B) . To compensate for the isolated entoconid cusp being larger (Fig. 3 ) than when part of 195 the talonid (Fig. 2) , interfacial tension and number of iterations were decreased in the individual 196 cusp simulations. For simulations of multiple sections (Figs 3, 5C ), all the sections of the 197 analyzed step were merged into a stack in Fiji. For the pig molar cusp (Fig. 3) , every second 198 microCT slice (20 !m interval, 51 slices), and for the human molar (Fig. 5C) We thank H. Suhonen for help with microCT imaging, and J. Laakkonen for help with material. 212 We acknowledge the European Synchrotron Radiation Facility for provision of synchrotron 213 radiation facilities and thank P. Tafforeau for assistance in using beamline ID19. We thank M. Table S1 . (Table   367   S1 ). The tooth shown is a human third lower molar. Scale bar, 5 mm. 
